Context: Full-term pregnancy is associated with a transient increase and life-time decrease in maternal breast cancer risk. Estrone (E1), estradiol (E2), and estriol (E3) are in high concentration during the third trimester. E1 and E2 metabolism produces carcinogenic intermediaries, and E3 metabolism does not.
L emon et al. (1) suggested that estriol (E3) could protect against breast cancer, proposing that the ratio of E3 to estrone (E1) plus estradiol (E2) reflects "the balance between estrogens of widely varying carcinogenicity, growth inducing activity and estrogen impeding activity in the pathogenesis of disease." Siiteri (2) and Satten et al. (3) suggested a complementary hypothesis that the abundant E3 in the third trimester of pregnancy would help clear the breast and other organs of accumulated carcinogens via increased blood flow. This hypothesis has been supported by experimental work in sheep in which Resnik et al. (4) named E3 the "vascular estrogen," having demonstrated E3 to be equipotent to E2 for stimulating uterine blood flow. Siiteri (2) proposed that pregnancy E3 might reduce the accumulation of E1 and E2 and their metabolic byproducts now known to be carcinogenic (5) , thereby reducing the risk of breast cancer among parous women. To test this hypothesis, we measured E1, E2, and E3 in pregnancy serum collected .30 years earlier in the Child Health and Development Studies (CHDS) cohort and correlated these with the subsequent risk of maternal breast cancer.
Materials and Methods

Study population
Members of the Kaiser Permanente Health Plan, residing in the East Bay area of San Francisco, California and pregnant during the June 1959 to September 1966 period, were eligible for the CHDS (6) . The CHDS included 15,528 women with observations on 20,754 pregnancies. The women were interviewed in-person as soon as possible after their first contact with the obstetrics department. Serum samples were collected at each trimester and frozen at 220°C. The subjects voluntarily participated in the CHDS, providing oral informed consent for an in-person interview, collection of blood specimens at several points during pregnancy and early postpartum, and permission for medical record access. The institutional review board of the Public Health Institute approved the present study, and we complied with all federal guidelines governing the use of human participants.
The CHDS are regularly monitored by linkage to (1) the California Department of Motor Vehicles, for a history of location and timing of residence to identify the population at risk of morbidity and mortality (7) (8) (9) ; (2) the California Department of Vital Statistics to identify deaths and cause; and (3) the California Cancer Registry to identify cancer diagnoses (10) (11) (12) (13) (14) . All members of the CHDS families and all names ever used by each family member are regularly matched to these sources. The accumulation of a name and address history protects against false matches and failing to identify true matches. Surveillance efforts routinely identify one or more members of .80% of CHDS families. This information is used to calculate the person-years of exposure for the outcome of interest and to construct a censoring variable for Cox proportional hazards models. Record abstraction for cancer diagnoses to the California Cancer Registry is based primarily on pathology reports, and case identification is considered to be .99% complete after a 2-year lag (15) . Breast cancer cases are censored at the year of diagnosis. Noncases are censored at the year of last contact or the year of death. More than 70% of CHDS cohort members have .15 years of follow-up and 63% have .30 years of follow-up data available.
Study design
The present study was a case-cohort design (16) . In the casecohort design, cases are enumerated for the entire eligible cohort, and accumulated person-years are estimated from a subcohort. Subcohort serum assay results can be used in multiple studies for different outcomes, saving costs and serum by reusing assay data from the subcohort (17) . The subcohort for the present study was an 8% random sample of women who had a completed interview and had a singleton pregnancy with a gestation of $28 weeks (73% of study pregnancies), with no history of breast cancer at pregnancy (99%). For women with more than one pregnancy in the cohort, we included the serum samples and data only from their first CHDS pregnancy. From this random sample, we selected women with available data from a standardized placental examination (60%), prenatal measures of weight and blood pressure in the second and third trimesters (80%), and an available serum sample (95%), resulting in a subcohort of 432 women, including 16 breast cancer cases (details shown in Supplemental Fig. 1 ). As of 1997, an additional 188 cases of breast cancer had met the same criteria. The availability of maternal serum, placental morphology, and prenatal measures was not related to breast cancer incidence (10) (Supplemental Fig. 1 ), and these criteria were chosen to facilitate future research on the contribution of estrogens to our previously reported findings on the relation of placental and prenatal variables to the development of maternal breast cancer (10) . The minimum hazard ratio (HR) detectable with 80% power was 1.46 for the comparison of the upper vs three lower quartiles grouped together (18) .
Measurement of estrogens and gestational age at blood sampling
The gravida's date of last menstrual period (LMP) was obtained from her interview conducted just before the first prenatal visit and was used to calculate the gestational age at blood sampling. Women with missing LMP dates (n = 199) were excluded (Supplemental Fig. 1 ). Where available, we used maternal blood samples collected after 28 weeks of gestation. Samples collected after 28 weeks of gestation were available for 90% of the subcohort and 85% of the breast cancer cases. In addition, the estrogen levels were further adjusted to compensate for the remaining variation in gestational day of blood sampling by regressing the estrogen levels on the day of blood sampling using locally weighted scatterplot smoothing regression (LOESS) (19) . The predicted estrogen levels were displayed as a function of gestational day and plotted against observed values (Fig. 1) . The fitted curves estimated by LOESS were similar to those reported previously for the correlation of gestation with estrogen hormone levels (20, 21) , lending confidence to the validity of the curve-fitting procedure. The differences between the predicted and observed values (residuals) represent a ranking for each subject as greater than or less than the predicted value for each estrogen. To adjust individual estrogen levels to the same gestational day (day 247 of gestation, the median day of gestation for blood samples in the present study), a constant (the LOESS-fitted estrogen level observed for day 247) was added to the residual for each subject. This adjustment provided predicted estrogen levels for day 247 for each woman, thus adjusting for differences in estrogen levels attributable to variations in the timing of the blood samples. We Figure 1 . E1, E2, and E3 stratified by day of gestation. "X" represents measured levels. Solid circles represent fitted values from LOESS regression.
conducted sensitivity analyses to examine the effect of excluding subjects with blood samples taken before 28 weeks of gestation and found no differences in the associations.
One of us (B.R.H.) was an expert in steroid hormone measurement (22) . He optimized all assays, including the radioimmunoassay (RIA) used for E2 by evaluating the method we used against the reference standard consisting of solvent extraction, followed by chromatography (23) . Hopper based the evaluation on duplicate assays of native samples. He determined that the chromatography step was unnecessary for the measurement of E2 but was essential for the measurement of E1. Eliminating chromatography for E3, which at the time was a practical necessity owing to limited availability of tracer, yielded consistently higher values but preserved the ranking of the samples. Details of the assay methods for the estrogens reported follow.
E2 was measured by RIA after serum samples were extracted with seven volumes of hexane/ethyl acetate (3:1 ratio), which was evaporated and then reconstituted in buffer. The E2 antibody was a very specific antibody generated against estradiol-6-carboxymethyl:bovine serum albumin. No differences were found between the same samples measured after extraction only or measured after extraction and celite column chromatography. The general procedures for RIA have been described previously (22) . E1 was measured by RIA as described by Anderson et al. (22) , except for the following modifications. Serum samples were extracted with seven volumes of hexane/ ethyl acetate (3:1), which was then evaporated and subjected to celite column chromatography. The celite column used a stationary phase of 60% propylene glycol and 40% ethylene glycol. The stationary phase was 60% (in milliliters) of the weight of celite. Samples were added to the column in 1 mL of isooctane; 5 mL of isooctane was run through the column and discarded. E1 elutes in 3.5 mL of 15% ethyl acetate in isooctane. The E1 assay used an antibody generated against estrone-3-hemisuccinate:bovine serum albumin. E3 was assayed using kits obtained from Diagnostic Systems Laboratories (Webster, TX), which uses a two-site immunoradiometric assay principle. For E3, the assay results from 19 samples using the kits were compared with those obtained after celite chromatography. The results measured directly were 16% greater than those obtained using chromatography but were highly reproducible (coefficient of variation, 8.6%). Assays using Diagnostic Systems Laboratories kits gave values in the same range as other reported E3 values (24) . In addition to the standard quality control samples run by the laboratory, quality control samples derived from a pool of CHDS samples stored under conditions identical to the samples from cases and controls, blinded to the laboratory, were inserted at random among the samples to be assayed (5% of samples assayed). The coefficients of variation were 5.3% for E1, 8.5% for E2, and 4.7% for E3.
Statistical analysis
The data were analyzed using the Cox proportional hazard model in the context of a case-cohort design (25, 26) . Calculations were performed using methods developed by Ichikawa and Barlow (27) with slight modifications. Tests of time dependence were based on robust variance estimators and were performed using methods implemented by Langholz and Jiao (16) in Statistical Analysis Software (SAS; SAS Institute, Cary, NC). To facilitate comparison of hormone associations and to minimize the effect of outliers on the regressions, log2-transformed estrogen concentrations were used in the models. The HRs estimated for a 1-unit change in log 2 (estrogen) represent the HR for a twofold increase in estrogen. Because E2 and E1 are dynamically interconverted (28), these two estrogens were summed after confirming that the direction of their association with breast cancer was consistent. We also report the results for the ratio of E3 to E1+E2 [E3/(E1+E2); E3 ratio]. This ratio was calculated using the original values of E1, E2, and E3 and then log2-transformed for analysis in the Cox proportional hazard models. We examined associations for estrogens categorized in quartiles to reduce the influence of outliers and found that the trends over the quartiles were consistent with the findings from the models in which log 2 (estrogen) values were entered as continuous variables.
Because pregnancy has been associated with a short-term increase in breast cancer (29), we investigated whether the interval to diagnosis modified the associations. We defined two periods, a priori, based on data from a previous study (30) : diagnosis within 15 years of delivery vs diagnosis .15 years after delivery. We tested whether the main effects in our model were consistent for these two periods by adding a timedependent interaction term to our models using a SAS macro with assistance from Langholz and Jiao (16) .
We chose gravida age at delivery (age, #27 vs .27 years, corresponding to the median age at delivery) and parity (primipara vs multipara) as the primary covariates of interest, because both age at delivery and parity at delivery are considered likely to modify the effect of pregnancy on breast cancer development (31, 32) . We tested for interactions between the estrogen variables and each of these covariates by entering a multiplicative term (e.g., one term for estrogen multiplied by parity at delivery and one term for estrogen multiplied by age at delivery). Interactions were considered statistically significant at Wald P , 0.05. We also tested a three-way interaction between estrogen, parity, and age at delivery; however, the differences were not statistically significant. Maternal height, weight, and body mass index (continuous), race/ethnicity (African American, Hispanic, Asian, other vs non-Hispanic white as reference) and alcohol (drinks of wine, beer, and liquor weekly) were investigated as covariates because these are known risk factors for breast cancer (32) . Because none of these variables affected the regression coefficients by $10%, they were not included in the models.
Results
The baseline characteristics of the study sample are presented in Table 1 . Cases were born earlier, were older at delivery, were more likely to be multiparous, and were taller. The year of blood sampling did not differ for cases and the subcohort. The median age at diagnosis for the cases was 54 years (interquartile range, 13). The median interval to diagnosis was 25 years (interquartile range, 12). Figure 1 shows the distribution of serum estrogens by gestational day of blood sampling for the present study. The median day of blood sampling was 247 days, or 35 weeks of gestation. The serum levels of estrogens adjusted to day 247 of gestation are summarized in Table 2 . In general, the values are similar to those previously reported for this time of gestation (21, 24).
The results of the models that included estrogens, gravida age at delivery, parity, and gravida age at first full-term pregnancy stratified by the interval to diagnosis after delivery are listed in Table 3 . During the entire follow-up period of 38 years, E1+E2 was associated with an increased risk of breast cancer [HR, 1.4; 95% confidence interval (CI), 1.1 to 1.8; P = 0.02 in a model that did not include E3; and HR, 1.7; 95% CI, 1.2 to 2.4; P = 0.005 in a model that did include E3]. In contrast, for the entire follow-up period of 38 years, E3 was marginally associated with a decreased risk of breast cancer (HR, 0.7; 95% CI, 0.5 to 1.0; P = 0.05) but only when E1+E2 was also included in the same model. The positive correlations among estrogens (r = 0.53 for E3 with E2 and r = 0.33 for E3 with E1) likely explain why the estimated associations for each estrogen term were stronger in the models that included both estrogen terms. The association of E1+E2 with increased risk confounds the association of E3 with decreased risk and vice versa.
All estrogen associations, regardless of model specification, were significantly stronger within the first 15 years of follow-up (P timedependence = 0.0002; Table 3 ). In models in which E1+E2 and E3 were simultaneously included, the E1+E2 association was stronger for the first 15 years of follow-up (HR, 2.5; 95% CI, 1.0 to 6.3; P = 0.06) than for years 16 to 38 (HR, 1.5; 95% CI, 1.1 to 2.2; P = 0.02). The protective association for E3 was also stronger for the first 15 years of follow-up (HR, 0.3; 95% CI, 0.2 to 0.6; P = 0.0002) than for years 16 to 38 (HR, 0.8; 95% CI, 0.6 to 1.3; P = 0.41) in models in which E3 and E1+E2 were included. As noted, for the entire follow-up period, the strength of these associations in each period was generally greater in the models that included both the E1+E2 and the E3 terms compared with models in which only one estrogen term was included.
The results for the models in which the estrogens were represented as an E3 ratio are also presented in Table 3 . In all follow-up periods, a greater proportion of E3 to E1+E2 was associated with a lower risk of breast cancer. However, this protective association was significantly stronger within the first 15 years of follow-up (HR, 0.3; 95% CI, 0.1 to 0.5; P = 0.0002) compared with years 16 to 38 of follow-up (HR, 0.7; 95% CI, 0.5 to 1.0; P = 0.07). This Serum estrogens adjusted to median day of gestation for blood sampling in our study (247 days or week 35) using LOESS regression, as described in the Materials and Methods section; Fig. 1 shows the distribution by gestational day of blood sampling.
difference stratified by follow-up period was statistically significant (P timedependence = 0.0002). Still, during the entire 38-year follow-up period, the proportion of E3 to E1+E2 remained significantly associated with a decreased risk of breast cancer (HR, 0.6; 95% CI, 0.4 to 0.8; P = 0.003).
The results for the E3 ratio in models testing for interaction by age at delivery and parity for the entire follow-up period are presented in Table 4 . The risk reduction associated with the E3 ratio was the strongest and most statistically significant for primiparas aged .27 years (HR, 0.3; 95% CI, 0.1 to 0.5; P = 0.0001) and was also observed in multiparas aged .27 years (HR, 0.6; 95% CI, 0.4 to 1.0; P = 0.03). The E3 ratio was not related to risk in gravidas aged #27, age regardless of parity. The interactions of parity with the E3 ratio and gravida age with the E3 ratio were statistically significant (P = 0.02 and P = 0.01, respectively).
Discussion
Previous studies of estrogens in pregnancy and subsequent breast cancer Three previous studies reported on the relationship between naturally occurring pregnancy estrogens and subsequent maternal breast cancer (33) (34) (35) . The report by Peck et al. (33) , which was also based on the CHDS cohort, did not adjust the E3 associations for E1 and E2 and, thus, cannot be directly compared with our results. HRs for estrogen variables given for one-unit change in log 2 (estrogen variable), corresponding to the estimated HR for a twofold increase in the estrogen variables, a range represented in the study sample (Table 2 ); all models include the following covariates: gravida age at delivery, parity, and gravida age at first full-term pregnancy. a Refers to significance of difference in model fit for breast cancer diagnosed 2 to 15 years after delivery vs model fit for breast cancer diagnosed 16 to 38 years after delivery. b Statistically significant association (P , 0.05). HRs given for one-unit change in log 2 [E3/(E1+E2)], corresponding to estimated effect for twofold increase in E3 ratio, a range represented in the study sample (Table 2) ; HRs were estimated by a single model that included log 2 [E3/(E1+E2)], gravida age at delivery dichotomized at the median (27 years), parity dichotomized as primipara vs multipara, gravida age at first full-term pregnancy, and product terms of log 2 [E3/(E1+E2)] with dichotomized gravida age at delivery and with dichotomized parity.
The three-way interaction of log 2 [E3/(E1+E2)] 3 gravida age at delivery 3 parity was not statistically significant (P = 0.90) in a model also containing twoway interactions of parity 3 gravida age at delivery, log 2 [E3/(E1+E2)] 3 parity, and log 2 [E3/(E1+E2)] 3 gravida age at delivery. a Statistically significant association (P , 0.05).
Peck et al. (33) found no association for third trimester E2 or E3 alone and a marginally significant positive association for E1 in models that were not simultaneously adjusted for all three estrogens. We also find no E3 association with breast cancer when E1+E2 were not in the model. This likely resulted from the positive correlations among these estrogens, which masked the protective effects of E3 on breast cancer compared with the enhanced risk associated with E1 and E2. The other two reports were on first trimester E1 and E2 in relation to breast cancer in the large Finnish registry study (34, 35) . That study did not measure E3 in their first trimester samples, when levels would have been low. Thus, the findings from the Finnish study also could not be directly compared with our findings. However, the study of the Finnish pregnancy cohort is large and provides convincing evidence that first trimester E1 and E2 levels are linked to breast cancer and that the associations depend on estrogen and progesterone receptor status and age at diagnosis (35) . The Finnish study had several features that differ from the present study, in addition to the timing of blood sampling. The median age at diagnosis was younger in the Finnish study (40 years vs 54 years), the follow-up period was shorter (19 years vs 38 years), and the study investigated only primiparous pregnancies that resulted in a live birth vs all gestations of $28 weeks in the present study. In addition, the Finnish study followed up pregnancies that occurred after 1983 compared with the present study in which the pregnancies were from 1959 to 1967. Their cohort had an older median age at observed pregnancy (30 years vs 27 years) and older age at first full-term pregnancy (30 years vs 22 years). Finally, the Finnish cohort was large enough to report on risk factors for rare breast cancers that occur before age 40 years and to study the heterogeneity of risk according to estrogen and progesterone receptor tumor status. Because of these differences in study design and the characteristics of the two cohorts, the present study can only be considered complementary to the Finnish cohort reports, rather than comparable. Taken together, however, the results from the Finnish study and the present study strongly support the hypothesis that pregnancy estrogen levels are linked to breast cancer risk. Our finding that E1 and E2 in pregnancy are linked to an increased risk of maternal breast cancer also aligns with the known increase in maternal breast cancer associated with pregnancy exposure to the synthetic estrogen, diethylstilbestrol (36) and a recent preclinical study in rats that found exposure to excess estradiol in pregnancy increased the risk of mammary cancer and altered the protective genomic changes associated with parity (37).
Significance of primiparous pregnancy and older age at pregnancy Our finding that the E3 ratio was more strongly associated with breast cancer in primiparous pregnancies is consistent with a heightened vulnerability of the breast in primiparas, a hypothesis supported by numerous previous human pathology and animal studies (31, 38) . Similarly, our finding that the E3 ratio had stronger associations with breast cancer in older gravidas (age .27 years) for both primiparas and multiparas is consistent with previous epidemiological studies that found a greater risk associated with older age at first pregnancy (39) and also older age at the second and possibly third pregnancy (40) . The mechanism for these variations in breast cancer risk by age at pregnancy and parity remain poorly understood (38, 41) .
Study limitations
Our study has provided unique evidence about the relation of estrogens in the third trimester of pregnancy to subsequent breast cancer but did not address estrogen exposure at other times. We did not have complete data on tumor markers and, thus, could not specify whether the estrogen associations vary by tumor subtype. We lacked data on any intervening risk factors between pregnancy and breast cancer development and could not address mediation such as subsequent parity or changes in maternal risk factors such as postpregnancy weight gain. However, even if third trimester estrogen levels are linked to breast cancer via postnatal fecundity or weight gain, this evidence would not rule out a mechanistic role for previous exposure to pregnancy estrogens. We also lacked information on family history of breast cancer. We did not have measured estrogen levels from the first or second trimester. However, the strong correlations reported by Schock et al. (42) for second and third trimester E1 and E2 in the Finnish Maternity Cohort suggest that hormone rankings according to third trimester assays are likely to be in good agreement with rankings using second trimester assays. However, Schock et al. (42) also reported that the correlations of third trimester E1 and E2 with first trimester E1 and E2 were lower than for consecutive trimesters, leaving open the possibility that assays of first trimester samples for E1 and E2 would add additional information. The report of first trimester associations for E1 and E2 with breast cancer in the Finnish registry (35) supports this conjecture. Because E3 increases dramatically in the third trimester, we would not expect E3 measurement in the first or second trimester to add considerably more information.
The sample sizes in the subgroups defined by gravida age and parity or by follow-up period were relatively small and resulted in broad CIs for some associations observed. This limited certainty regarding the magnitude of the associations we observed even when the P values were statistically significant.
The coefficients of variation for estrogen assays in the present study were not large. However, we could not rule out the possibility that the true underlying associations between estrogens and maternal breast cancer are actually greater than those observed in our study. The observed associations are likely to be lower than the true underlying associations in the setting in which hormone assays are imprecise (43) . Misclassification of pregnancy estrogen levels could also occur if one measurement does not fully characterize the actual or relevant exposure. Limited information is available on this issue. Schock et al. (42) reported a correlation of E1 and E2 across gestation, showing that the correlations were stronger during consecutive trimesters, not surprising given the known increases in placental function across gestation. However, measurement of third trimester estrogens might not correctly capture the full effect of pregnancy estrogens on breast cancer.
Systematic differences in gestational age at blood sampling for the cases compared with the noncases could have contributed to the estrogen associations we observed with breast cancer. This was unlikely, however, because gestational age at blood sampling was similar for the cases and noncases. Moreover, a direct association was found with E1+E2 but an inverse association with E3. These contrasting findings are unlikely to be explained by a systematic difference in the timing of blood sampling for the cases compared with the noncases because all these estrogens increase during gestation.
Cohort enrollment predated the use of ultrasonography to estimate gestational age. Because the LMP date was used to adjust the estrogen levels for gestational age, it is possible that unreliable reporting of the LMP date could have resulted in misclassification of the gestational day. This could have been a source of bias primarily if the misclassification differed for the cases and noncases. Verburg et al. (44) reported that the LMP date classified gestations in the normal range 87% of the time compared with 92% for ultrasound assessment at 10 to 12 weeks of gestation, after excluding women with a missing LMP date, women who had used oral contraceptives, and women with irregular cycles. Their findings, which were based on a large cohort enrolled from 2002 to 2006, suggest that some error in estimation of gestational age is likely whether dating is by LMP or ultrasound assessment. Just as in the study by Verburg et al. (44) , we excluded women with a missing LMP date, but we did not exclude women with irregular cycles (13% among noncases and 8% among cases) or women using oral contraceptives within 3 months of conception (n = 5 noncases and n = 3 cases). The use of oral contraceptives was rare in our population (13 women overall), because enrollment predated the wide availability and use of lower dose oral contraceptives. Although we could not exclude the possibility that misclassification of gestational age affected our findings, we have no evidence that misclassification of gestational age was systematically different for the cases vs the controls.
Our samples were assayed in 2000 and had been stored since 1959 to 1967. Although we could not rule out storage artifacts, we would expect the same artifact to occur in both case and subcohort serum assays. The year of blood sampling was nearly identical in the subcohort and cases, making it unlikely that storage could explain the estrogen associations observed with breast cancer. The levels of estrogens and patterns by day of gestation that we observed in the present study are consistent with previous reports (45) . In addition, the correlation of E2 with E3 in our study was r = 0.53, comparing well with the correlation of r = 0.51 reported previously for normal pregnancies between 20 and 40 weeks of gestation (45) . These comparisons lend confidence to the quality of the assays in the present study.
Holl et al. (46) examined the stability of estradiol over 25 to 34 years for first trimester samples from primiparas that had been stored at 225°C (compared with our third trimester samples stored at 220°C for 33 to 41 years for primiparas and multiparas). The data in their Figure 1 show an inconsistent and also modest difference in estradiol assay results conducted every other year for 22 years (46) . The Spearman partial correlation between storage time and E2 (adjusted for maternal age, gestational day, and bench lag time) was modest (rs = 0.23). Thus, some limited data support the stability of estradiol in first trimester pregnancy samples over time. To the best of our knowledge, no similar data are available for E1, E2, or E3 from third trimester samples.
We identified breast cancer cases by linkage to the California Cancer Registry and vital status files. It is possible that we missed some cases of breast cancer. However, we had no reason to expect that incomplete surveillance would correlate with pregnancy estrogens, which would be required to bias estimates of associations. However, pregnancy estrogens might be related to other factors that correlate with incomplete surveillance and could have resulted in a selection bias.
E3 hypothesis
Differentiation of the maternal breast is completed in the third trimester of pregnancy (47) at the same time that E3 levels in the maternal compartment are increasing (48) . Pregnancy protection from breast cancer requires a pregnancy duration of $7 months (49), suggesting an important role for third trimester events. Our results suggest that E3 might play a role in this protection.
Siiteri (2) proposed that the decreased risk of breast cancer after pregnancy could be explained by removal of tumor promoting chemicals accumulated in the breasts by the greatly increased E3 stimulated blood flow. These substances include carcinogenic metabolites of E1 formed from circulating androstenedione secreted by both the adrenal glands and the ovaries (50, 51) and potential exogenous carcinogens (11, 52) . Residual vascular changes after pregnancy have been described, and these decline over time (53) . This observation is consistent with greater E3 protection for cancers that occur within 15 years of pregnancy that we observed in the present study. Moreover, the pattern of cardiovascular adaptation to pregnancy, characterized by greater cardiac output, higher heart rate, and decreased systemic vascular resistance peaks in the third trimester of pregnancy, and this pattern closely matches the surge of E3 in the third trimester (54) . In the CHDS, we have observed that the mean arterial blood pressure, a measure of tissue perfusion, increases rapidly during the third trimester and correlates with serum E3 levels (55) . Studies of estrogen levels in breast nipple aspirates have shown that the levels of both E1 and E2 in fluids from parous women are only about one half of those found in fluids from nonparous women (56) . The added protection against breast cancer afforded to pregnant women who develop higher blood pressure in pregnancy (10, 14) and preeclampsia (57) is consistent with the concept of increased perfusion of breast tissue and removal of tumor causing agents. The same cleansing mechanism might also explain the protective effect of pregnancy against the development of cancer in other organs, including the endometrium (58) and ovaries (59) . The apparent protective effect of hormonal treatment, including E3, against breast tumor formation in the Huggins rat model (60) also could be explained by increased blood flow and reduced tissue levels of the administered carcinogen relative to controls. We could not rule out other mechanisms reviewed previously (38) , including the potential role of cell surface G protein estrogen receptor (GPER or GPR 30), in which E3 has been reported to act as an antagonist in estrogen receptor-negative breast cancer cells (61) .
The estrogen associations in the present study were stronger for breast cancer cases diagnosed within 15 years of pregnancy, for older gravidas, and for primiparas. These findings suggest that E3 might in some way protect more vulnerable gravidas from progression of an existing lesion or initiation of a quickly growing tumor due to pregnancy exposure to E2 or E1 or their carcinogenic metabolites (5). It is intriguing to speculate that the abundant production of E3 in human pregnancy might have evolved as a protective mechanism. This could be an interesting beneficial function of E3, in addition to what is known regarding its effect on pregnancy and fetal wellbeing.
Conclusions
A reevaluation of the role of E3 in human pregnancy suggests that its importance might have been underestimated for many years. The results from the present study suggest that relatively high late pregnancy E3 might play a role in protecting parous women from breast cancer, even as pregnancy exposure to E1 and E2 enhances that risk.
Acknowledgments
We acknowledge the late Jacob Yerushalmy, founder of the Child Health and Development Studies (CHDS), for creating this research opportunity; the late Barbara J. van den Berg, second CHDS Director, who made this work possible by safeguarding the serum and data archive in collaboration with Roberta Christianson and the late Frank Oechsli; Richard D. Cohen for statistical help with implementation of case-cohort analytics; Robert I. Sholtz for statistical advice and comments on manuscript drafts and data interpretation; Bryan Langholz for providing statistical consultation and a SAS macro for implementation of models and estimation of time dependence; and Eugene Albrecht for comments on earlier drafts. The late B.R.H., University of California, San Diego, advised on hormone assay methods and interpretation and completed hormone assays for our study. The late P.K.S., University of California, San Francisco, is responsible for the estriol hypothesis described in our report.
Financial Support: This research was sponsored by the US Department of the Army (Grant DAMD17-99-1-9358; the US Army Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick, Maryland 21702-5014 is the awarding and administering acquisition office). The content of our report does not necessarily reflect the position or the policy of the Government, and no official endorsement should inferred; Eunice Kennedy Shriver National Institute of Child Health and Development, National Institutes of Health, Department of Health and Human Services Contract HHSN275201100020C. The collection of cancer incidence data used in our study was supported by the 
